Gibberellic acid induces (a) increased elongation of Arena sativa stem segments, (b) increased formation of cell wall material, measured on the basis of dry weight, and (c) increased incorporation of "4C-glucose into all fractions of the cell wall material. This increased incorporation of radioactivity cor-relates well with increased formation of cell wall material and shows a time-course pattern similar to the time course of the elongation response. Approximately one hour after the application of gibberellic acid, the rates both of growth and of incorporation of radioactivity accelerate to about 2-fold over the control rate. Gibberellic acid does not stimulate the incorporation of labeled glucose into the cell wall material simply by increasing the rate of uptake of glucose by internodal cells. The stimulation of the incorporation of '4C-glucose into cell wall material, which reflects the stimulation of cell wall synthesis, seems to be an important and relatively early effect of gibberellie acid in this system and probably contributes significantly to the elongation response elicited by the hormone.
elongation response. Approximately one hour after the application of gibberellic acid, the rates both of growth and of incorporation of radioactivity accelerate to about 2-fold over the control rate. Gibberellic acid does not stimulate the incorporation of labeled glucose into the cell wall material simply by increasing the rate of uptake of glucose by internodal cells. The stimulation of the incorporation of '4C-glucose into cell wall material, which reflects the stimulation of cell wall synthesis, seems to be an important and relatively early effect of gibberellie acid in this system and probably contributes significantly to the elongation response elicited by the hormone.
Using gravimetric analyses, Adams (2) showed that the content of cell wall material in the internode of Avena stem segments increased in response to the application of GA, and that this increase was correlated with internodal elongation. A similar correlation between elongation and formation of the cell wall has been observed for auxin-stimulated growth of Avena coleoptiles (4) and pea stem segments (1) . Since the cell wall must increase in area in order for any plant cell to expand, these observations suggest that hormonal action in these cases involves increased biosynthesis of cell wall material, either directly or indirectly. In this study, the relationship between GA, stimulation of growth and biosynthesis of cell wall material was carefully examined by feeding "4C-glucose to isolated Avena internodes and following the accumulation and distribution of radioactivity in the cell wall fractions. University, Stanford, Calif. 94305. flats (43.2 x 37.9 X 7.6 cm) in the greenhouse, or in some cases, in a growth chamber (18 hr light/ 6 hr dark; 22 C/ 16 C) for 40 to 45 days. Shoots containing the internodes immediately below the peduncular node (p-1 internodes) with lengths of 1 to 3 cm were carefully selected. As indicated in each experiment, 1-cm or 0.5-cm segments were prepared from the shoots with a razor blade cutting device. The p-i internodal tissue, containing the intercalary meristem, was dissected from the node and leaf sheath. Segments thus prepared are designated "isolated internodes" and are highly suitable for studies involving uptake of isotopes because the effects of the node and sheath (2, 9) are avoided. The segments were routinely placed in Plexiglas frames on filter paper in 6-cm Petri dishes. They were allowed to grow in an upright position, since segments placed on their sides in the liquid medium (a) did not elongate as much, presumably because of the effects of anaerobiosis, and (b) became curled and were therefore difficult to measure. Each Petri dish contained from 1 to 3 ml of treatment solution. Segments were routinely allowed to grow at 30 C in the dark to avoid the effects of photosynthesis (2) . At appropriate times, the lengths of the segments were measured with a millimeter ruler.
MATERIALS AND METHODS
Isolation of Cell Wall Material. In general, cell wall material was isolated using the method of Baker and Ray (4) . Briefly, the segments were first washed in distilled H20 and H,O was also forced through the central lacuna of each segment using a hypodermic syringe in order to remove residual treatment solution. Then, they were placed in 2 to 5 ml (depending on the number of segments) of 80% ethyl alcohol for at least 24 hr, the ethyl alcohol was collected, and the segments were again extracted with fresh 80% ethyl alcohol for at least 1 hr. The two ethyl alcohol extracts were combined, and an aliquot was spotted on a filter paper disc, dried, and counted. Next, the segments were crushed betwen two glass plates, and were placed in 2 ml of a pepsin solution containing 2 mg/ml of pepsin in 0.03 M potassium phosphate buffer, pH 2, for at least 24 hr. An aliquot of the pepsin solution was also counted in some experiments. The resultant cell wall material was rinsed in water, and allowed to dry before being counted or further fractionated. An alternative method for the isolation of cell wall material was used for the experiment in Table I Figure 1 , except for the first 6 hr of treatment immediately after excision, when incorporation of radioactivity proceeded rapidly although elongation did not. In order to determine the relationship between incorporation of radioactivity and cell wall synthesis, growth, measured as an increase in the dry weight of the cell wall material, was compared with the incorporation of radioactivity into the wall. For this purpose, isolated internodes were incubated for 12 hr on unlabeled glucose before transfer to "4C-glucose with or without hormone. This pretreatment was introduced to reduce the effects of initial wounding responses. The results in Table I show that GA3 causes about a 2-fold increase in both (a) dry weight of the cell wall material, and (b) radioactivity incorporated into the cell wall material during the 24-hr incubation. It Table I . From these results, it is clear that increased incorporation of "C-glucose into the cell wall correlates well with GA3-induced increase in the dry weight of the cell wall, and shows a time-course pattern similar to the time course of the elongation response.
Early Time Course of Elongation and Synthesis of Cel Wall. In order to establish the early time-course pattern of growth and of incorporation of labeled glucose, isolated internodes were incubated on 0.1 M unlabeled glucose for 12 hr before they were transferred for 1, 3, or 6 hr to 0.1 M "C-glucose with or without GA,. The results (Fig. 2, A and B) show that (a) during the first hour after application of GA,, there was no difference between GA,-treated segments and the control in either elongation or incorporation of label; and (b) after approximately one hour, the rates both of elongation and of incorporation of radioactivity accelerated to about 2-fold in GA,-treated internodes over the control rates. The lag time for the beginning of the hormone effect varied somewhat from batch to batch of segments, but it was usually fairly close to one to two hours. This is in good agreement with recent growth measurements by Adams et al. (3; unpublished results) for Avena stem segments and by Rose (10) for gamma-irradiated wheat coleoptiles. These results again indicate a close correlation between GAr-induced growth and increased incorporation of radioactivity. Furthermore, it is apparent that increased incorporation of radioactivity into the cell wall is a relatively early effect of GA, in these internodes.
Uptake of Glucose and Synthesis of the Cell Wall. In order to determine whether gibberellic acid was acting simply to increase the rate of uptake of labeled glucose into the internodes, isolated internodes were incubated for 12 hr on unlabeled 0.1 M glucose and then were transferred to 0.1 M labeled glucose with or without GA, and were incubated for 6 hr in a stoppered vessel. Radioactive CO2 was collected in 2.5 N NaOH. After the incubation period, the segments were extracted with 80% ethyl alcohol and treated with pepsin, as usual. The results (Table III) (Table V) show that a considerable amount of radioactivity was lost from the ethyl alcohol-soluble fractions in all treatments, presumably attributable to respiration (see Table III ) since little radioactivity was found in the incubation media at the end of the experiment. However, radioactivity present in the cell wall material at the time that the internodes were removed from exogenous labeled glucose did not seem to be lost from the wall (treatment 1), even in the presence of large concentrations of unlabeled exogenous glucose (treatment 2). This strongly suggests that most cell wall material did not turn over rapidly. The application of GA3 resulted in increased utilization of internal substrate to form cell wall material (treatments 3 and 4). This effect was especially apparent where GA3 was given without exogenous unlabeled glucose (treatment 3 as compared to treatment 1). Thus, it can be concluded that GA3 stimulates the incorporation of both endogenous and exogenous substrate into the cell wall, in good agreement with the findings presented in Table I .
The Effect of CaCl2 on GA,-induced Elongation. From the results presented thus far, it is clear that an increase in the incorporation of labeled glucose into the cell wall is an important, early effect of treatment with GA3. However, it is possible that increased wall biosynthesis is merely the result of GA3-induced elongation. Ray and co-workers (1, 4) , studying auxin-sensitive systems, found that low concentrations of CaCl, (10 mM) effectively inhibited elongation but not wall synthesis. We examined the effects of CaCl2 both on elongation and on the incorporation of radioactive glucose into the cell wall of A vena stem segments (Table VI) (Table V) .
Our use of "C-glucose incorporation into the wall as a measure of wall synthesis revealed that GA3 stimulates the synthesis of cell wall material in oat stem segments beginning about 1 hr after application, which is about the same time that the rate of elongation begins to accelerate (Fig. 2) . The time lag for auxin stimulation of radioactive glucose incorporation into cell wall from Avena coleoptiles and pea stem segments is approximately 1 to 2 hr, and in this respect, pea stem segments, oat stem segments, and oat coleoptiles are similar (1, 4) . Furthermore, GA3 seems to stimulate the synthesis of all components of the wall, i.e., cellulose, hemicellulose, and pectic substances (Table IV) , as does auxin in peas znd in Avena coleoptiles (1, 4) . Using a gravimetric method, alternative extraction procedures, and a longer time of incubation, Adams (2) also showed that GA3 stimulates the synthesis of all three components of oat stem segment cell wall.
From the present study, it seems that this stimulation is not accomplished merely by increased rates of entry of glucose into the segment cells, but probably involves increased utilization of glucose (Tables III and V) .
Auxin stimulates the incorporation of labeled glucose into cell wall material from both pea stem segments and Avena coleoptiles even when elongation is inhibited by CaCl2 (1, 4) . This indicates that auxin stimulates wall synthesis directly (1, 4) . The determination of such a direct effect is dependent upon the application of an appropriate inhibitor of elongation. Although we investigated the effects of several inhibitors (cycloheximide, cold temperature, heavy metal cations, hyperosmotic media), these were found to be much less suitable than Ca for the determination of direct hormonal effects because of their inhibitory action on general metabolism. Unfortunately, however, in Avena stem segments, even a relatively high concentration of CaCl, (90 mM) failed to inhibit GA3-induced elongation completely.
In conclusion, from the results presented in this study, stimulation of wall synthesis seems to be an important and relatively early effect of gibberellic acid in Avena stem segments and probably contributes significantly to the elongation response elicited by the hormone.
